The interfaces between the deposition products and concrete are not always well bonded when the electrochemical deposition method (EDM) is adopted to repair the deteriorated concrete. To theoretically illustrate the deposition healing process by micromechanics for saturated concrete considering the imperfect interfaces, an improved micromechanical framework with interfacial transition zone (ITZ) is proposed based on our recent studies. In this extension, the imperfect bonding is characterized by the ITZ, whose effects are calculated by modifying the generalized self-consistent model. Meanwhile, new multilevel homogenization schemes are employed to predict the effective properties of repaired concrete considering the ITZ effects. Moreover, modification procedures are presented to reach the properties of repaired concrete with ITZs in the dry state. To demonstrate the feasibility of the proposed micromechanical model, predictions obtained via the proposed micromechanical model are compared with those of the existing models and the experimental data, including results from extreme states during the EDM healing process. Finally, the influences of ITZ and deposition product on the healing effectiveness of EDM are discussed based on the proposed micromechanical model.
Introduction
Over the past 20 years, many meaningful studies have been published on the electrochemical deposition method (EDM), which is a promising repairing approach for concrete in aqueous environment and has been applied to marine structures and other situations in which traditional repairing methods are limited [1] [2] [3] [4] . The current literatures mainly focus on the experimental research, including specimen production [5] [6] [7] , factors influencing the healing effectiveness of EDM [8] [9] [10] , and assessments of the healing effectiveness of EDM [11] [12] [13] [14] . However, there are few theoretical models pertaining to mechanical properties during the EDM healing process. Recently, the authors present micromechanical frameworks to quantitatively describe the mechanical performance of EDM when it is used to heal cracked saturated concrete [15] [16] [17] [18] . In these micromechanical models, the repaired saturated concrete is represented as three-phase composite composed of the intrinsic concrete, deposition products, and the water phase. During the healing process, the water phase will be replaced by the deposition products. Meanwhile, the effective medium methods, such as the self-consistent approach, the differential scheme, and the Mori-Tanaka method, are 2 Journal of Engineering adopted to estimate the effective properties of concrete during the healing process.
It is noted that the interfaces between the deposition products and the intrinsic concrete are assumed to be well bonded in previous models [15] [16] [17] [18] . However, many experimental investigations have shown that the properties of the interfaces between the deposition products and the intrinsic concrete matrix are influenced by many factors, like the solution type and the current density [8-10, 12, 13] , which implies that the perfect bonding assumption is not held reasonable all the time. In this extension, an improved micromechanical model is proposed by considering the imperfect bonding between the deposition product and the intrinsic concrete. The imperfect bonding is characterized by the interfacial transition zone (ITZ), whose effects are calculated by modifying the generalized self-consistent model. Instead of the effective medium method, the noninteraction solution of Ju and Chen [19] is modified to consider the effects of equivalent particle composed of water, deposition product, and ITZ. Meanwhile, new multilevel homogenization schemes considering the ITZ effects are employed to predict the effective properties of repaired concrete. Moreover, modification procedures are presented to reach the properties of repaired concrete with ITZ in the dry state.
Based on our recent works [15, 18] , this paper presents an improved micromechanical framework to describe the healing process of saturated concrete considering the imperfect bonding between the deposition products and the concrete matrix. An outline of this paper is as follows: Section 2 illustrates the "noninteracting solutions" for the effective properties of two-phase composite. In Section 3, an improved micromechanical model is presented for the healed saturated concrete with imperfect bonding characterized by the ITZ. New multilevel homogenization procedures are proposed to estimate the effective properties of the healed concrete by taking the imperfect bonding into consideration in Section 4. Meanwhile, micromechanical procedures considering the ITZ effects are performed to modify the properties of repaired concrete in the dry state. Numerical examples including experimental validations and comparisons with existing micromechanical models are presented in Section 5, which also discusses the influences of the ITZ and deposition product on the healing effectiveness of EDM based on our proposed micromechanical framework. And some conclusions are reached in Section 6. Solutions) for the Effective Properties of Two-Phase Composite
The (Noninteracting

The Effective Properties of the Composite.
One goal of continuum micromechanics is to estimate the effective elastic properties of the material defined on the representative volume element (RVE). The RVE is based on a "mesoscopic" length scale which is much larger than the characteristic length scale of particles (inhomogeneities) but smaller than the characteristic length scale of a macroscopic specimen [19] . Taking a two-phase composite as an example, the effective elastic stiffness tensor C * of the composite is defined through the following:
with
where is the volume of an RVE, is the volume of the matrix, and is the volume of the inhomogeneity. and are the volume-average strain and stress of the composite.
The "Noninteracting Solutions" for the Effective Properties.
The effective stiffness tensor of two-phase composite containing spherical inhomogeneities can be derived through [19] [20] [21] 
where C * is the effective elastic stiffness tensor of the composite; C and C are the elastic stiffness tensor of the matrix phase and the inhomogeneity, respectively; B is the stain concentration tensor; is the volume fraction of the inhomogeneity. According to our previous work, when the noninteraction solutions are considered, the "strain concentration tensor" can be defined through [21, 22] 
where S is Eshelby's tensor, which depends on the properties of the matrix and the shape of the inclusions; I defines the fourth-order isotropic identity tensor. [23] [24] [25] [26] [27] . One is the spring layer model, also known as the interface model, which involves a very thin interfacial zone of unspecified thickness [23] [24] [25] . The other is the interphase model, which describes the interfacial zone as a layer between particles and matrix of a specified thickness and of elastic constants different from those of the matrix and the particles [26, 27] . In this paper, the interphase model is utilized to represent the imperfect bonding between the deposition products and the intrinsic concrete matrix. 
Micromechanical Model for
Microstructure of Healed Saturated Concrete with ITZ.
The saturated concrete repaired by EDM is described as a multiphase composite composed of pores occupied by water, deposition products, mortar, coarse aggregates, and their interfaces [15] [16] [17] [18] . The three traditional solid phases (i.e., mortar, coarse aggregates, and their interfaces) are merged into one matrix phase, namely, intrinsic concrete, in representative volume element [15] [16] [17] [18] . Deposition products and water are considered as different inclusion phases in the saturated concrete. Furthermore, in this extension, the interfacial transition zone (ITZ) is considered with the interphase model to characterize the imperfect bonding phenomenon between the deposition product and the intrinsic concrete [8-10, 12, 13] .
Micromechanical Model for Saturated Concrete Healed
Using EDM with the ITZ. By representing the imperfect bonding with the ITZ, an improved micromechanical model for saturated concrete repaired by EDM can be proposed based on our previous work, which is exhibited in Figure 1 . The matrix phase is the intrinsic concrete composed of mortar, coarse aggregates, and their interfaces. The inclusions contain the water, deposition products, and the ITZ. The saturated microcracks and microvoids in the concrete are supposed to be spheres, and the volume of the deposition product is assumed to be proportional to that of each spherical pore [15] [16] [17] [18] . Since there is the ITZ in our proposed model, the healing process can be divided into two different stages, including the formation of ITZ and deposition product zone (DPZ). By predicting the effective properties of our model, the concrete's mechanical performance during the healing process is revealed theoretically and quantitatively.
Estimating the Effective Properties of Saturated Concrete Repaired Using EDM with ITZ
Multilevel Homogenization Scheme for Estimating Effective
Properties. Previously published studies have shown that a homogenization stepping scheme is an effective way to obtain the effective properties of multi-inclusion composites [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . The multiphase micromechanical model used in the present study also employs a multilevel homogenization procedure. First, the equivalent inclusion is obtained by the firstlevel homogenization of the two-phase composite composed of water and deposition products, as shown in Figure 2 . Second, the equivalent particle is attained by homogenizing the ITZ and the equivalent inclusion, as shown in Figure 3 . Third, the effective properties of the equivalent homogeneous composite are calculated by the homogenization of the twophase composite composed of equivalent particles and the intrinsic concrete matrix, as shown in Figure 4 .
The First-Level Homogenization for the Equivalent Inclusion Composed of Water and Deposition Products.
The threephase sphere model presented by Christensen and Lo [42] , that is, the generalized self-consistent model, is employed to conduct the first-level homogenization by modifying its inner-and outer-layer phases into the water phase and the deposition products, respectively. Let 1 and 1 ( 2 and 2 ; and ) denote the bulk modulus and shear modulus of the water (deposition products and equivalent inclusions), respectively. The effective bulk modulus and shear modulus for the equivalent inclusion can be expressed by (7) and (8) as follows:
where and are parameters depending on the properties of deposition product and water. See details for our previous work [15] . is the volume fraction of the water phase in the two-phase composite composed of the water and the deposition products, wat denotes the volume of the water, and dep signifies the volume of the deposition products.
The Second-Level Homogenization for the Equivalent Particle Composed of the ITZ and the Equivalent Inclusion.
Let 3 , 3 , ] 3 , and itz represent the bulk modulus, shear modulus, Poisson's ratio, and volume of the ITZ and , signify the bulk modulus and shear modulus of the equivalent particles made up of the ITZ and the equivalent inclusion.
Se is the volume fraction of the equivalent inclusion in the equivalent particle.
can be reached with (7) by replacing
, and with , 3 , 3 , Se , and , respectively. can be similarly calculated by adopting Christensen and Lo's work [42] with the following expressions: 
where itz denotes the volume of ITZ.
The Third-Level Homogenization for the Equivalent Homogenous Composite Composed of the Equivalent Particle
and Intrinsic Concrete. The noninteraction solutions of [19] are adopted to get the effective properties of the repaired concrete. Let C , C 4 , and C represent the stiffness tensor of the equivalent particle, the intrinsic concrete, and the equivalent composite of the saturated concrete repaired by EDM with ITZ. For the isotropic matrix and spherical equivalent inclusions, the tensorial components of I, S, C , C 4 , and C are as follows:
where is the Kronecker delta. 4 , 4 are, respectively, the bulk modulus and shear modulus of the intrinsic concrete, and , are those of the equivalent composite of the saturated concrete repaired by EDM with ITZ, correspondingly. By replacing the matrix phase and inhomogeneities (inclusion phase) with the intrinsic concrete and the equivalent particle, the Ju and Chen model is modified to obtain the effective properties of the saturated concrete repaired by EDM with ITZ. By substituting (13) into (1)- (5), the effective bulk modulus and shear modulus of the saturated concrete repaired by EDM with ITZ are attained by the following equations after some derivations:
where mat and tot mean the volume of the intrinsic concrete matrix and the total volume of the composite. With regard to the effect of water viscosity in pores of the saturated concrete [43] [44] [45] [46] , should multiply the modification function as below [43] :
where 1 and 2 are parameters investigated by the experiment [43] . Furthermore, the Young modulus of unsaturated concrete can be obtained based on the theorem of elastic mechanics, provided that the bulk modulus and shear modulus are known. Hence,
where is the Young modulus of the equivalent homogenous composite (i.e., the healed saturated concrete).
Modifications to Estimations of Effective Properties with ITZ in Dry Conditions.
Modifications should be made to our proposed framework when it is applied to estimate the properties of the saturated concrete repaired using EDM in the dry state [15] .
Firstly, the properties pertaining to water should be replaced by those pertaining to air, and the water effect should be ignored. Secondly, since the pores should not be assumed to be spherical in the dry state, the similar modification coefficients, , , and , are introduced to reflect the influence of the crack (pore) shape in the following:
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where * =1 , * =1 , and * =1 are the predicted effective bulk modulus, effective shear modulus, and Young's modulus, respectively, when the crack (pore) shape is spherical ( = 1). Moreover, * , * , and * are the predicted effective bulk modulus, effective shear modulus, and Young's modulus, respectively, when the pore shape is not spherical ( < 1); is the equivalent aspect ratio of the pores; and are the lengths of the pores' minor and major axes, respectively; and is the number of different pores in the concrete. The results in [47] are modified to reach the above predicted effective properties. See details for [15] . However, due to the imperfect bonding effect, 2 and 2 in (37)- (43) of [15] should be replaced by ave and ave , which are obtained by the following expressions:
Furthermore, if ultrasound waves are employed to test the effective dynamic properties under dry conditions, the static properties should be modified to dynamic properties according to the relationship between them [15, 48] .
Verification and Discussion
Comparison with the Existing Model and EDM Experiments under Dry
Conditions. The predictions in this study are compared with the experimental data and the estimations of the existing models to verify the capacity of the proposed micromechanical framework for saturated concrete repaired by the EDM considering the imperfect bonding.
Firstly, the existing models [15] are utilized to verify our proposed micromechanical framework. The properties of intrinsic concrete and deposition products are from [15] . Four different types of ITZ properties are utilized as examples to perform the simulations, which are listed in Table 1 . The ratio between the volume of ITZ and equivalent inclusion is 0.1. It is noted that the specific values for the thicknesses and properties of the ITZs are not our central focus here. In this Results in this study-3 Results in this study-4 paper, we instead focus on the quantitative influence of the specified ITZs on the healing effects. Figure 5 presents the comparisons of mechanical properties between our predictions and those of Zhu et al. [15] during healing process. From Figure 5 , it can be observed that our predictions for shear modulus of repaired concrete are the same as those of Zhu et al. [15] , when the properties of ITZ are equal to those of the deposition products, which implies that our proposed micromechanical model is capable of describing the healing process of saturated concrete with perfect interface. With the decrease of the IZT properties, the healed specimen demonstrates lower properties. Meanwhile, the results of the two different micromechanical models show that the values of effective shear modulus gradually increase during the healing process due to the accumulation of deposition products. As to the effective Young modulus, similar conclusions can be reached, which are exhibited by Figure 6 .
Secondly, the dynamic Young moduli of the specimen before and after healing in Chen's experiment [14] 5134.5 m/s. The density is 2537.9 kg/m 3 and Poisson's ratio is 0.229. As exhibited in Figure 7 , the predictions considering the ITZ effects (i.e., results obtained with type 2, 3, and 4 ITZ properties) correspond better with the experimental data than those without taking ITZ effects into consideration (i.e., results reached with type 1 ITZ properties). Thirdly, if there is absolutely no healing process in the concrete, the proposed model can predict the properties of the saturated concrete. Figure 8 exhibits the comparisons among our results, those obtained by the upper bounds, lower bounds, and the experimental data of Yaman et al. [48] . The comparisons show that the predictions herein agree well with the experimental data. In addition, if the saturated concrete has been completely healed by the EDM, there is no water effect and the healed concrete is effectively a two-phase composite with isotropic spherical inclusion phase with imperfect interfacial bonds. Furthermore, if the properties of ITZ are the same as those of inclusions, which implies that there are perfect interfaces between the inclusions and matrix, the proposed model can predict the two-phase composite with isotropic spherical inclusion phase. The work done by Cohen and Ishai [49] is employed to verify our proposed model at this state. Figures 9-10 present the comparisons among our results, the upper bounds, lower bounds, and the experimental data of Cohen and Ishai [49] . From Figures 9 and 10, it can be found that our predictions correspond with the experimental data well.
Influences of ITZ Thickness and Electrochemical Deposition Product on the Healing Effectiveness.
The ITZ has a significant impact on the effective properties of the composite [23] [24] [25] [26] [27] . The volume fraction of ITZ in the equivalent particle can be represented as ITZ = 1 − ( /( + )) 3 from Figure 3 , where is the ITZ thickness. Since we focus on the quantitative influence of ITZ on the healing effectiveness of EDM, the exact value for or ITZ is not the interest of this study. To investigate these effects quantitatively, three different values of ITZ , that is, 0.01, 0.1, and 0.2, are employed as examples. Figures 11 and 12 of the healed saturated concrete with imperfect bonding. The properties of the equivalent composite gradually increase during the healing process. Furthermore, with the increase of the ITZ thickness, the equivalent composite demonstrates lower effective properties.
In addition, three types of deposition products from [15] are utilized as examples to illustrate their influence on the healing effectiveness. In these simulations, ITZ = 0.1. From Figure 13 , it can be observed that the effective Young modulus increases during the healing process. Before the point of ITZ = 0.1, the improvement of Young's modulus is less than Figure 12 : Influence of the ITZ on the Young modulus of repaired concrete during the healing process, where ITZ is the volume fraction of ITZ in the equivalent particle; De is the volume fraction of the deposition products in the equivalent particle.
those in the period after that point, because the properties of ITZ are smaller than those of DPZ. When the properties of the deposition products increase, the Young modulus of healed concrete becomes greater. As to the effective shear modulus, similar conclusions can be reached as Figure 14 shows. Figure 13 : Influence of the properties of the deposition products on the Young modulus of repaired concrete during the healing process, where ITZ is the volume fraction of ITZ in the equivalent particle; De is the volume fraction of the deposition products in the equivalent particle. Figure 14 : Influence of the properties of the deposition products on the shear modulus of repaired concrete during the healing process, where ITZ is the volume fraction of ITZ in the equivalent particle; De is the volume fraction of the deposition products in the equivalent particle.
Conclusions
The bonds between the deposition products and concrete are not always perfect when the electrochemical deposition method (EDM) is applied to repair the deteriorated concrete.
As an extension of our recent studies, this paper proposes an improved micromechanical model with ITZ to theoretically illustrate the deposition healing process by micromechanics and quantitatively describe the effective properties of saturated concrete repaired by EDM considering the imperfect bonding. To quantitatively consider the ITZ effects, a new multilevel homogenization scheme is proposed by incorporating the generalized self-consistent method and the noninteracting solutions of Ju and Chen's model together. Modification procedures are presented to obtain the properties of repaired concrete with ITZs in the dry state. Moreover, our predicted results are compared to available experimental data and the predictions of existing micromechanical models. The influences of the ITZ and deposition products on the healing effectiveness are discussed based on the proposed micromechanical model. From this study, the following main conclusions can be drawn:
(1) The proposed micromechanical model with ITZ is both feasible and capable of describing the mechanical performance of saturated concrete during the EDM healing process with imperfect bonding.
(2) For the special cases, the proposed model can predict the properties of saturated concrete repaired by EDM with perfect bonding, the properties of saturated concrete, and particle reinforced composite.
(3) Based on our proposed model, the ITZ and deposition products play important roles in the healing effectiveness of EDM.
